A series of Schiff bases (3.a-f) bearing benzimidazole moiety was successfully synthesized in ethanol by refluxing Oct-2-ynoic acid (1,3-dihydrobenzimidazole-2-ylidene)amide with substituted amines. Fourier transform infrared (FTIR), ultra violet light (UV-VIS), elemental analysis, proton ( 1 H) and carbon ( 13 C) nuclear magnetic resonance spectroscopy were used to characterize the newly synthesized Schiff bases. Micro dilution method was used to determine the minimum inhibitory concentration (MIC) and minimum fungicidal concentration (MFC) of the Schiff bases, against 14 human pathogenic bacteria (8 Gram negative and 6 Gram positive) and against 7 fungal strains (5 Aspergillus and 2 Fusarium) representatives. Antimalarial activity against Plasmodium falciparum and antitrypanosomal property against Trypanosoma brucei was studied in vitro at a single dose concentration of the Schiff bases. Cytotoxicity of the Schiff bases was assessed against human cervix adenocarcinoma (HeLa) cells. Results obtained show that the newly synthesized Schiff bases are very potent antimicrobial agents. Gram negative bacteria Klebsiella pneumonia and Escherichia coli were more affected on exposure to Compounds 3.c-f (MIC 7.8 µg/mL) which in turn exhibited more antibacterial potency than nalidixic acid reference drug that displayed MICs between 64 and 512 µg/mL against K. pneumonia and E. coli respectively. The test compounds also demonstrated high cytotoxic effect against Aspergillus flavus and Aspergillus carbonarius as they displayed MFC 7.8 and 15.6 µg/mL. Compound 3.c exhibited the highest fungicidal property from this series with MFC alternating between 7.8 and 15.6 µg/mL against the investigated strains. The malarial activity revealed Compounds 3.c and 3.d as the more potent antiplasmodial compounds in this group exhibiting 95% and 85% growth inhibition respectively. The IC 50 of Compounds 3.c and 3.d were determined and found to be IC 50 26.96 and 28.31 µg/mL respectively. Compound 3.a was the most cytotoxic agent against HeLa cells in this group with 48% cell growth inhibition. Compounds 3.c, 3.d and 3.f were biocompatible with HeLa cells and displayed low toxicity. With a very low cytotoxic effect against HeLa, compound 3.c stands out to be a very good antiparasitic agent and consideration to further evaluate the candidate drug against others cell lines is necessary.
Introduction
Fungi, bacteria, parasites, and viruses are at the forefront of the global health challenges as they continue to nullify the potency of many antimicrobial agents [1] . From the literature, it is clear that significant efforts to remedy the situation are available however, none can deny the current problem of microbial resistance. The prevalence of these microorganisms is a concern because of adaptations and mutations, the selectivity of the novel developing drugs and the toxicity effect of certain candidate drugs. Infections by these microorganisms affect the health status of the consumers or the host organisms that may result in loss of human life and livestock's. This therefore encourages the continuous search for novel compounds with enhanced bioactive properties.
Schiff bases are an important class of organic compounds that show interest in industrial sectors with many biological and pharmaceutical applications. They are usually obtained by a condensation reaction between aldehydes or ketones (cyclic or linear) with primary amines (cyclic or linear) in alcoholic conditions [2] . Interest in the search for novel therapeutic Schiff bases to alleviate pathogens invasion associated with microbial resistance encourage the use of cyclic ring molecules. Aromatic-based Schiff bases have shown more potential in biological applications as a result of the free electron delocalization with the ring structure [3] . Schiff bases derived from heterocyclic rings present many advantages and detailed information are found here [4] . The most predominant heteroatoms found in organic molecules are mainly nitrogen, oxygen, and sulfur (N, O, S).
Nitrogen-containing heterocyclic compounds such as imidazole and benzimidazole form a framework of the important class of pharmacophores [5] . They have attracted the attention of many researchers as their derivatives astemizole, mebendazole, enviroxime, carbendazime have been widely used and also commercialized [6, 7] . Benzimidazole on its own alone is a benzo derivative of imidazole used in the development of therapeutic drugs. Its fused heterocyclic ring structure is crucial to the formation of nucleotides as they formed the nucleus of nitrogen bases [5] . Benzimidazole and its derivatives interact easily with biopolymers and promise to be forming good systems for the development of biologically active compounds with structural similarity to vitamin-B12 derivatives [8] . The fascinated biological activity of benzimidazole and its derivatives are seen against many human pathogens and microbial attacks. These include bacteria [9] , fungi [10] , and virus [11] . Schiff bases with benzimidazole moiety have also been used in DNA binding and cleavage [12, 13] , they are also documented as topoisomerase inhibitors [14] , with antitumor [15] , and anticancer properties [16] . Their parasitic and viral properties cannot be denied as previously documented [17] .
In our search for more dependable antimicrobial agents to limits microbial invasion and resistance to known drugs, we have synthesized a series of novel Schiff bases with benzimidazole scaffold and evaluated their antimicrobial activity against 14 bacterial strains, seven fungal strains and two parasites representative (Plasmodium falciparum and Trypanozoma brucei).
Results and discussion
Chemistry Schiff base compounds 3.a-f were synthesized according to the procedure shown in Scheme 1. Oct-2-ynoic acid (1,3-dihydrobenzoimidazole-2-ylidene)amide (Compound 1) was used as the starting material. Spectral measurements including UV-VIS absorption, Fourier transform infrared (FTIR), nuclear magnetic resonance proton and carbon ( 1 H and 13 C NMR) and C, H, N elemental analysis were used to characterize and establish the structure of the prepared ligands. Table 1 shows the physicochemical property of the Schiff bases together with their melting points and lipophilicity indexes determined on ChemDraw Ultra 7.0.
Electronic spectral
All the synthesis were carried out by mixing Compound 1 (0.3921 mmol) with aniline derivatives (0.3921 mmol) in the presence of hot ethanoic solution and reflux for 4 h to give the expected Compounds 3.a-f. In order to study the spectroscopic properties of the ligands, their UV-VIS absorption spectra were recorded in DMSO and are presented in Fig. 1 .
The normalized UV-VIS spectra of the compounds ( chromophore and above 250 nm are the typical n-π* transitions of charge transfer between C=N of the ligands [3] . The band at 410 nm observed in Compound 3.e happened to be coming from the HSO 3 -of the aromatic ring because of the free electron distribution ( Table 2) .
Fourier transform infrared
IR spectra of this series of Schiff bases showed vibration signals at expected frequencies for the relevant functional moieties and chromophores ( Table 3 ). The stretching frequencies at 1652-1685 cm −1 are due to the imine (C=N) linkage of the ligands and match similar observation here [7] . Characteristic vibration signals proper to the C-H stretching band of the aromatic ring were observed at 2955-3000 cm −1 with low intensity. Sharp bands present in the spectrum of the compounds, in the region 3297-1500 cm −1 are due to N-H stretching frequencies of imidazole moiety [18] . The vibration of C=O and S=O of Compounds 3.d and 3.e are seen around 2231 cm −1 .
In the spectra, no signal characteristic to the -NH 2 of the primary amine was observed and this implies the successful formation of the Schiff base ligands.
Nuclear magnetic resonance spectroscopy
The carbonyl used in the condensation reaction was a ketone and no imine proton was observed in the spectra of the Schiff bases characterized. The 1 H NMR of these compounds showed both aliphatic and aromatic protons (Ar-H). Aromatic protons resonate at single, doublet and multiplet at chemical shift δ = 6-7 ppm with respect to the aromatic group. However, in these compounds other Ar-H proton were seen around δ = 8 ppm ( 
Assigned transitions
3.a 232-275 π-π* and n-π* 3.b 234-286.5 π-π* and n-π* 3.c 234-284 π-π* and n-π* 3.d 235-275 π-π* and n-π* 3.e 234-410 π-π* and n-π* 3.f 233-285 π-π* and n-π*
Pharmacological activity Antibacterial activity
In vitro antibacterial activity of Schiff base compounds (3.a-f) were studied against six Gram positive and eight Gram negative bacteria using broth microdilution technique. The minimum inhibitory concentrations (MIC) of the compounds were compared to streptomycin and nalidixic acid used as reference antibiotic agents and data are presented in Table 4 . Tested organisms reacted differently to ligands exposure and their susceptibility was concentration dependent. Test compounds exhibited good to high antibacterial activity against different bacterial representatives. For instance, Staphylococcus epidermidis was the most susceptible strain amongst the Gram positive under studied exhibiting MIC between 7.8 and 15.6 µg/mL and appears to be 8.5 times more potent than nalidixic acid (MIC 64 µg/mL). Compounds 3.a-c and 3.f displayed greater antibacterial activity (MIC 31.2 µg/ mL) against Staphylococcus aureus than streptomycin (MIC 256 µg/mL). Gram negative bacteria Klebsiella pneumonia and Escherichia coli were more affected on exposure to Compounds 3.c-f (MIC 7.8 µg/mL) which in turn exhibited more antibacterial potency than nalidixic acid that displayed MICs between 64 and 512 µg/mL against K. pneumonia and E. coli respectively. Compound 3.c exhibited the broadest spectrum activity in this series due to the heterocyclic ring of the amine. The improved potency of these compounds could also be due to other parameters besides the imine C=N bond. These include the benzimidazole ring and the substituted aromatic rings. Positive Gram bacteria were more sensitive to test compounds than negative Gram bacteria due to the nature of the cell membranes. The lack of activity may also be due to poor target engagement or nonessentiality of the targeted enzyme/partway in vivo [19] . The reason probably lies in the difference in cell membrane compositions. Unlike Gram-negative bacteria that have three other components outside the peptidoglycan (lipopolysaccharides, phospholipids, periplasmic space) for defence, positive Gram bacteria lack these protective coats outside peptidoglycan layer, which then make them more vulnerable to foreign attacks [20] . Resistance of bacteria to the synthesized Schiff bases could also be associated to the enzymatic degradation of the synthesized compounds, alteration of the bacterial protein targeted by the prepared compounds and/or change in the membrane permeability to the tested compounds [21] . In addition, Gram-negative bacteria are very much Table 3 
FTIR spectroscopy of the synthesized Schiff bases 3.a-f
Compounds troublesome and turn to nullify the effects of almost all antibiotics and antimicrobial options available [22] . These molecules form the bilayer membrane that controls and regulate the flux of molecules in the cells; the complex lipids contain of Gram-negative bacteria may prevent the easy diffusion of chemicals into the cytoplasm of the organisms, which may not be the case of Gram-positive cells. This, therefore, makes them more resistant to chemicals compared to Gram-positive bacteria.
Antifungal activity
In assessing the antifungal property of the synthesized Schiff bases, five Aspergillus representatives and two Fusarium strains were considered. Minimum fungicidal concentration (MFC) by broth dilution technique was used and results are compared with amphotericin B and nystatin used as positive controls ( Table 5 ). The compounds showed moderate to greater antifungal activity against the studied strains and to some extent exhibited antifungal greater than the standard drugs used. All test compounds showed significant antifungal activity (MFC 15.6 µg/mL) than amphotericin B (MFC 125 µg/mL) against Aspergillus carbonarius. This infers them preference over amphotericin B. The test compounds also demonstrated high cytotoxic effect against Aspergillus flavus and A. carbonarius as they exhibited MFC 7.8 and 15.6 µg/mL. Compound 3.c exhibited the highest fungicidal property from this series with MFC alternating between 7.8 and 15.6 µg/mL against the investigated strains. This could be due to the heterocyclic ring and the hydrophobic nature of the compound.
The interaction of synthetic chemical and natural occurring molecules with the microbial cell membrane is enhanced by their physicochemical properties. The passage or movement of chemicals and other molecules into the cytoplasm of a cell is controlled by the cell membrane via their components interacting with these molecules.
The hydrophobic nature of microbial cell membrane will drive in the molecule of same nature. Lipophilicity (clogP) is an important factor that controls this phenomenon was determined. It is usually expected that a high clogP value will exhibit more antimicrobial potency but we observed in this study that the activity of these series of Schiff bases depended not on their experimental lipophilicity values but to other factors or parameters such as ligand's geometrical arrangement, polarity, and stability. The nitro (-NO 2 ) containing Compound 3.a exhibited better antibacterial activity than its fluorinate (-OCF 3 (Table 5 ).
Antimalarial activity
The antiplasmodial activity of the Compounds (3.a-f) was studied in vitro against P. falciparum strain 3D7. Incubation of the parasites with the test compounds for 48 h revealed their antimalarial property. All tested compounds affected the respiratory processes of the parasites and induced a significant decrease in their growth causing complete cell death at the studied concentration. These Schiff bases reduced P. falciparum strain 3D7 growth by more than ± 50% at a single concentration of 50 µg/mL (Fig. 2) . The lowest antimalarial activity exhibited by Compound 3.a, reduced the growth of P. falciparum strain 3D7 by 49%. Compounds 3.c and 3.d were the most potent antiplasmodial compounds in this group and exhibited 95% and 85% growth inhibition respectively. The nitro, hydroxyl, and trifluoromethoxysubstituted compounds at position two (Compounds 3.a, 3.b and 3.f) have good antimalarial properties with comparable antiplasmodial activity against strain 3D7. Compounds 3.b and 3.f have the same potency against the investigated strain though no IC 50 was recorded. The IC 50 (smallest concentration of compounds that reduced by 50% the growth of the parasites) of Compounds 3.c and 3.d were found to be IC 50 26.96 and 28.31 µg/mL respectively. Considering substitution at the fourth position of the aromatic ring, the carboxyl derivative Compound 3.d, have greater antimalarial activity compared to its sulfonate analogue Compound 3.e possibly due to the proton in ortho position. Compound 3.c stand out to be most potent antiplasmodial compound investigated in this group of Schiff bases. It is important to note that the highest activity of Compound 3.c could be due to the heterocyclic nature of the 2-aminopyrimidine. The nitrogen contain of the pyridine considerably enhanced the antimalarial activity of the compound and therefore suggests additional structure-activity relationship using the compound (3.c) as the parent material.
Antitrypanosomal test
The effects of the prepared Schiff bases on Trypanosoma parasites were assessed against T. brucei and data are presented in Fig. 2 . All compounds were highly toxic to the studied strain except the sulfonate derivative Compound 3.e that showed 20% loss in parasite growth in comparison to more than 50% observed with others compounds (50-92%). The nitro and hydroxyl derivatives (Compounds 3.a and 3.b) are highly effective against T. brucei compared to their trifluoromethoxy analogue Compound 3.f. It was observed that the antitrypanosomal potency of compounds with substitution in position 2 (3.a, 3.b and 3.f) depended on the type of substituent and followed this order 3.f, 3.a and 3.c with reference to their polarity.
Since chemical molecules alter cell growth by causing or inducing either cytoplasmic leakage [22] , disruption of respiratory processes [23, 24] , binding to DNA and/ or inhibit the process of replication. Cell death observed herein could also be attributed to active reactive oxygen species (ROS) induced by the tested compounds [25] .
With no clear mechanism of action, the metabolic activity of the microorganism is altered by compound's polarity (OCF 3 > NO 2 > OH). Structure activity relationship (SAR) in drug discovery couple different parameters; structures, geometry arrangement, and substitution (cyclic and/acyclic) and much more [26] . The hydroxyl derivative Compound 3.b displayed the highest trypanocidal activity against T. brucei. The potency of this Compound 3.b could be assigned to the -OH substitution characterized by either keto-enol tautomeric exhibited in solid state and in solution [26, 27] . Again we observed a strong trypanocidal activity exhibited by Compound 3.c due to its pyridine contain. Pyrimidine substitution containing Schiff bases have also been recorded to exhibit antimicrobial activity against human pathogens [28] [29] [30] . This correlates well with our finding in this study.
Cytotoxicity test
Cytotoxicity of the compounds was evaluated against Human cervix adenocarcinoma cell (HeLa). The Schiff bases showed moderate to low toxicity against HeLa cells (Fig. 2) . The percentage viability of the cells varies between 52 and 83% dependent on the compound. Compound 3.a was the most cytotoxic agent in this group with 48% cell growth inhibition. Compounds 3.c, 3.d and 3.f are biocompatible with HeLa cells as they displayed low toxicity. The heterocyclic pyridine contain Compound 3.c has demonstrated the lowest toxic effect on HeLa cells (< 10%) and has demonstrated important antimalarial and antitrypanosomal activities. With a very low cytotoxic effect on HeLa, Compound 3.c stands out to be a very good antiparasitic agent and consideration to further evaluate the candidate drug against others cell lines is necessary.
Conclusion
A series of six novel Schiff base compounds with benzimidazole scaffold was successfully synthesized and their chemical structures were confirmed by UV-VIS, FTIR, elemental analysis, 1 H and 13 C NMR analysis. The biological applications of these compounds were studied against fourteen bacteria, seven fungi, and two parasites. The compounds have good antimicrobial activity against the studied microorganisms altering their metabolic activity and respiratory processes that lead to cell death. The newly synthesized Schiff bases have no cytotoxic effect against HeLa cell lines, and consideration for the use of these compounds as lead material for the further development of antibiotic agents is encouraged.
Materials and methods

Materials
Sigma Aldrich's chemicals and reagents were purchased in South Africa and used without any additional treatment or conditioning. Benzamine derivatives such as O-nitroaniline, 2-aminophenol, 2-aminopyridine, p-aminobenzoic acid, 2-aminophenol-p-sulfonic acid, 2-trifluoromethoxyaniline were all purchased from the source. All microorganisms including fungi and bacteria were obtained from Davies Diagnostic South Africa. Starting material, Compound 1 (Oct-2-ynoic acid (1,3-dihydrobenzoimidazole-2-ylidene)amide) was donated by the Department of Applied Chemistry University of Johannesburg with details available online [31] .
Physical measurements
Normalized spectral data were used to ascertain, and confirm the chemical structure of the synthesized benzimidazole Schiff bases. The percentage compositions of C, H and N of the Schiff bases were determined by micro analytical method on a Flash 2000 Organic Elemental Analyzer. Fourier transform infrared (FTIR) spectra of the ligands were collected on a Spectrum 100, PerkinElmer FTIR spectrophotometer. Analysis on dried and moisture-free ligands was done on frequency range 4000-200 cm −1 . The degradation point of the compounds was verified on an Electro thermal digital melting point apparatus that has a maximum heating capacity of 450 °C. 1 H and 13 C NMR spectra of the ligands were recorded in DMSO-d 6 on a Bruker 400 MHz NMR Spectrometer operating at room temperature with tetramethylsilane (TMS) as the internal standard. Values of chemical shifts are giving in parts per million (ppm) throughout the study. A Shimadzu model UV-2540 spectrophotometer was used to record absorption spectra of the ligands suspended in DMSO at room temperature in the wavelength range of 200-800 nm.
Synthesis of Schiff bases 3.a-f
All synthesis was achieved in hot ethanol by the condensation reaction of an equimolar mixture of substituted amines (2.a-f) and Compound 1 following the procedure documented by [32] . Compound 1 (0.3921 mmol) was dissolved in ethanol and maintained warm in silicon oil. The corresponding amines (0.3921 mmol) were suspended in ethanol and added dropwise to the ethanoic solution maintained stirring and the mixture was refluxed for 4 h (Scheme 1). The colored solutions evaporated at room temperature under a fume hood and the precipitates thoroughly washed in methanol and kept dry in a desiccator. [33] . Amphotericin B and nystatin were used throughout this study as standards fungicidal drugs. Following 72 h incubation, the plates were taking out and flooded with 10 µL (0.02%) of resazurin and the small concentrations that induced fungal cell death were considered as minimum fungicidal concentration (MFC).
Antiplasmodial assay
Malaria is a infectious disease caused by five different Plasmodium species (P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi) that are responsible for over 65 5000 deaths in children below the age of five years and pregnant women [34] . 
Antitrypanosomal assay
Trypanosomiasis or African sleeping sickness is an infectious disease caused by Trypanosoma brucei that when under looked also increases the rate of mortality in tropical hemisphere [35] . In assessing the trypanocidal property of the synthesized compounds, the ligands were suspended in DMSO to have 50 µg/mL of product and 140 µL of this solution was transferred into 96-well plate seeded with 2% cultures of T. brucei. The mixture was then incubated for 48 h at 37 °C under an atmosphere of 5% CO 2 , 5% O 2 , 90% N 2 . After 48 h incubation, resazurin based reagent was used to obtain the total number of parasites surviving ligand's exposure and the results are compared with Pentamidine standard drug used as positive control.
Cytotoxicity assay
The toxicity of the ligands was also verified against Human cervix adenocarcinoma cell (HeLa). This was achieved by mixing equal volume of test compounds (50 µg/mL) with Hela cells (6.7 × 10 4 cell/mL) and allowed the mixture to stand at 37 °C under an atmosphere of 5% CO 2 , 5% O 2 , 90% N 2 for a maximum of 48 h. The numbers of Hela cells that survive compounds exposure were also determined by using resazurin based reagent and reading resorufin fluorescence in a multi-well plate reader. Fig. S16 . 13 C NMR spectrum of Schiff base Compound 3.b. Fig. S17 . 1 H NMR spectrum of Schiff base Compound 3.c. Fig. S18 . 13 C NMR spectrum of Schiff base Compound 3.c. Fig. S19 . 1 H NMR spectrum of Schiff base Compound 3.d. Fig. S20 . 13 C NMR spectrum of Schiff base Compound 3.d. Fig. S21 . 1 H NMR spectrum of Schiff base Compound 3.e. Fig. S22 . 13 C NMR spectrum of Schiff base compound 3.e. Fig. S23 . 1 H NMR spectrum of Schiff base Compound 3.f. Fig. S24 . 13 
